
concerning the hypothesis of the 100-kyr cyclicity in the input of
interplanetary dust, will probably be provided by measuring the
concentrations of platinum group elements in Antarctic ice records
such as those obtained at Dome C and Vostok, as these are relatively
less affected by the input of terrestrial dust. A

Methods
Polar ice cores have provided valuable historical records of changes in heavy-metal fluxes
in the Earth’s atmosphere23,24. Until now, the Ir occurrence in polar ice sheets was thought
to be related mainly to the deposition of micrometeorites—extraterrestrial particles
smaller than,1mm in diameter that do not ablate in themesosphere. The few attempts to
measure ultralow levels of Ir in ice cores have been restricted to particles larger than
0.45 mm, obtained from filtered samples13. Unfortunately, it has been shown that the
typically small volumes retrieved from ice cores caused a severe under-sampling of the
micrometeorite input25. Statistically significant collections of micrometeorites have
required large masses, of up to 8,000 t, of polar ice and firn to be investigated26.

In contrast with the situation for micrometeorites, ice cores can be used to estimate the
input of meteoroids that do not survive entry into the Earth’s atmosphere (estimated to lie
between 60% and nearly 100% of the total)16. Because of their very high entry velocities,
meteoroids undergo rapid frictional heating by collision with atmospheric molecules.
Their constituent minerals subsequently vaporize between an altitude of 80 and 120 km
(refs 5, 6). In the middle mesosphere (50–80 km), the resulting metallic compounds are
believed to polymerize with silicon oxides to form metal-rich nanoparticles known as
meteoric smoke5.

As a consequence, platinum-group elements (PGEs), which are highly enriched in
chondritic meteorites12, are redistributed from individual submillimetric particles onto
multiple nanometric particles before deposition at the Earth’s surface. Thus, the
concentration of PGEs in ice cores can be used to evaluate the ablated fraction of the
meteoroid input. Furthermore, ice cores benefit from three relevant advantages with
respect to other environmental archives for studying PGEs on a long timescale. First, the
properties of PGEs remain unaltered in a low interference matrix such as ice; second, their
deposition can be dated more precisely; and last, their flux can be calculated via the better
known past accumulation rate.

Traditional methods for determining Ir in micrometric particulate matter filtered from
ice samples13 fail to include the potentially significant contribution from the much smaller
sized meteoric smoke. This can only be taken into account by measuring the total Ir
concentration relative to the wet mass of the sample. Recently, on the basis of experience in
measuring PGEs in ice cores by using inductively coupled plasma sector field mass
spectrometry (ICP-SFMS)27, we have developed a new method (see details in ref. 14) for
quantifying the total concentration of Ir and Pt in ice, down to the sub-fg g21 level. Ultra-
clean procedures and a preconcentration step have enabled us to achieve negligible
procedural blanks (see also Supplementary Method 1) and procedural detection limits
of 0.02 and 0.08 fg g21 for Ir and Pt, respectively14. This method benefits from an ultra-
clean chemical processing of the sample based on the simple addition of ultrapure
HNO3 to the melted and pre-concentrated ice samples. The complete ionization of the
meteoric smoke in the plasma (at ,7,000 K) of the ICP-SFMS is assured by the already
quasi-molecular size of these particles, without the need to add any supplemental
chemical reagent.
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l’Environnement et de la Maı̂trise de l’Energie, the Institut National des Sciences de l’Univers and
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Some of the global warming from anthropogenic greenhouse
gases is offset by increased reflection of solar radiation by clouds
with smaller droplets that form in air polluted with aerosol
particles that serve as cloud condensation nuclei1. The resulting
cooling tendency, termed the indirect aerosol forcing, is thought
to be comparable in magnitude to the forcing by anthropogenic
CO2, but it is difficult to estimate because the physical processes
that determine global aerosol and cloud populations are poorly
understood2. Smaller cloud droplets not only reflect sunlight
more effectively, but also inhibit precipitation, which is expected
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to result in increased cloud water3,4. Such an increase in cloud
water would result in even more reflective clouds, further
increasing the indirect forcing. Marine boundary-layer clouds
polluted by aerosol particles, however, are not generally observed
to hold more water5–7. Here we simulate stratocumulus clouds
with a fluid dynamics model that includes detailed treatments of
cloud microphysics and radiative transfer. Our simulations show
that the response of cloud water to suppression of precipitation
from increased droplet concentrations is determined by a com-
petition between moistening from decreased surface precipi-
tation and drying from increased entrainment of overlying air.
Only when the overlying air is humid or droplet concentrations
are very low does sufficient precipitation reach the surface to
allow cloud water to increase with droplet concentrations.
Otherwise, the response of cloud water to aerosol-induced
suppression of precipitation is dominated by enhanced entrain-
ment of overlying dry air. In this scenario, cloud water is reduced
as droplet concentrations increase, which diminishes the indirect
climate forcing.

Measuring the response of cloud water to changes in aerosol and
droplet concentrations is extremely challenging because aerosol
abundance typically covaries with meteorological conditions,
entangling the microphysical and meteorological signals. For
instance, when a regional-scale pollution plume flows offshore,
cloud properties respond not only to the aerosol abundance but also
to the dryness of the plume8.

Ship tracks, which are plumes of enhanced albedo in clouds
polluted by ship exhaust, provide a natural ‘laboratory’ for isolating
the effects of aerosol changes on cloud properties. Results from
simple theoretical models3,4 suggest that cloud water should con-
sistently increase in ship tracks, an expectation not generally
confirmed by observations. The first reported airborne measure-
ments of ship tracks9 support the theoretical expectations, with

cloud water nearly doubling as droplet concentrations (N) tripled
from their background values of ,30 cm23. Subsequent obser-
vations, however, tend to show just the opposite relationship, if any,
with cloud water generally decreasing as droplet concentrations
increase. For example, in situ measurements of over 60 ship-track
interceptions during the Monterey Area Ship Tracks (MAST) field
project off the coast of central California show that cloud water
increases in some and decreases in others, with a slight decrease
on average5. High-resolution, airborne remote-sensing of three
ship tracks during MAST also show cloud water decreasing on
average6. More recently, satellite observations of hundreds of ship
tracks over the northeastern Pacific Ocean show a significant
average decrease in cloud water7.
Here we investigate the dependence of cloud water on droplet

concentrations using model simulations based on stratocumulus
measurements during three field projects: (1) a nocturnal case study
of drizzling clouds over the northeastern Atlantic during the
Atlantic Stratocumulus Transition Experiment (ASTEX)10,11; (2) a
nocturnal study during the second Dynamics and Chemistry of
Marine Stratocumulus project (DYCOMS-II) off the coast of
southern California12, with very light precipitation largely limited
to the cloud deck13; and (3) an idealization of cloudy conditions
measured over two days during the First ISCCP (International
Satellite Cloud Climatology Project) Regional Experiment (FIRE-I),
also off the coast of southern California. For each meteorological
setting we ran a sequence of 8-h nocturnal model simulations
(daytime simulations are discussed subsequently) in which only
the aerosol concentration was varied. As seen in Fig. 1, only when
the average precipitation rate at the surface exceeds ,0.1mmd21

does the average liquid-water path (LWP) increase with droplet
concentrations in the simulations. This drizzling regime is consist-
ent with simple models3,4 in which decreased drizzle allows LWP to
increase. An increase of LWP with droplet concentrations is seen
over the entire range of droplet concentrations realized for the
ASTEX simulations (,25–350 cm23). For the DYCOMS-II and
FIRE-I conditions LWP again increases with N, but only below
droplet concentration thresholds of ,35 and 225 cm23,
respectively.
These increases in LWP with N occur despite an increase with N

in the rate at which the boundary layer entrains dryer air from
above. The entrainment rate always increases with N in our
simulations (Fig. 1), consistent with theoretical arguments that
precipitation dries out cloudy air in updrafts, which reduces the
moisture available for evaporative cooling of downdrafts14. Precipi-
tation thus decreases the kinetic energy available in the boundary
layer to entrain warmer air from above the temperature inversion.
Conversely, a reduction in precipitation accelerates entrainment.
The response of LWP to increasing droplet concentrations can be

considered to be the result of a competition between the effects
of precipitation at the surface and near cloud-top. Decreased
precipitation at the surface tends to increase LWP, whereas
decreased precipitation near cloud-top tends to increase entrain-
ment and thus decrease LWP. Only when the surface precipitation is
sufficiently strong can it dominate the LWP response.

  

  

Figure 1 Liquid-water path and surface precipitation and entrainment rate as a function of

cloud droplet number concentration. Liquid-water path and surface precipitation were

averaged over the last two hours of 8-h simulations and the entrainment rate was

averaged over eight hours. The cloud droplet number concentration was weighted by

condensed water mass in each grid box. Curve labels correspond to meteorological

conditions described in text. Entrainment rates (Dzi /Dt þ Dzi, with zi the horizontal

average inversion height and D the large-scale horizontal wind divergence) are consistent

with measured estimates of 0.38 ^ 0.04 and 0.7 ^ 0.3 cm s21 for the DYCOMS-II and

ASTEX cases11,12 at droplet concentrations of ,150 and 100 cm23.

Table 1 Meteorological conditions used for stratocumulus simulations

ASTEX FIRE-I DYCOMS-II
.............................................................................................................................................................................

Sea surface temperature (K) 290.4 289.0 292.5

Lifting condensation level (m) 340 250 620

Geostrophic wind speed (ms21) 10 6 9

Inversion height (m) 700 600 840

Temperature increase across inversion (K)* 5.5 12 10

Moisture decrease across inversion (g kg21) 1.0 3.0 7.5

Relative humidity above inversion (%) 70 40 10
.............................................................................................................................................................................

*Difference in liquid-water potential temperature above and below the temperature inversion
capping the boundary layer.
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Precipitation depends on a number of environmental factors, and
the three cases we consider here differ in a number of ways (see
Table 1 andMethods).We find that the humidity of air overlying the
boundary layer exerts a strong control on the surface precipitation
rate. Moist air above the boundary layer is conducive to drizzle and
thus favours the effect of precipitation at the surface: in the case of
ASTEX the relative humidity above the boundary layer is,70% and
LWP monotonically increases with N over the range of droplet
concentrations we consider (Fig. 1). In contrast, entrainment of dry
air from above the boundary layer reduces cloud water and thereby
suppresses drizzle, lowering the droplet concentration threshold
above which changes in cloud water with N are dominated by the
entrainment effect of precipitation. In the case of DYCOMS-II, with
a relative humidity of ,10%, LWP decreases as N increases, except
at extremely low droplet concentrations. In the intermediate case of
FIRE-I, with a relative humidity close to 40%, LWP is seen to
increase with N only at low-to-moderate droplet concentrations,
and reverses at higher droplet concentrations.
To isolate the role of humidity above the boundary layer, we ran

another sequence of simulations using the ASTEX meteorology,
modified with warmer, dryer air above the boundary layer. In
addition to decreasing the water vapour we also increased the
temperature above the boundary layer to avoid stratocumulus
break-up from cloud-top entrainment instability15–17 (see Sup-
plementary Fig. 1). The relative humidity above the boundary
layer is ,25% in the modified conditions, substantially reducing
precipitation and resulting in LWP decreasing as droplet concen-
trations increase beyond 60 cm23 (Fig. 1). Thus we find
that modifying the relative humidity above the boundary layer
profoundly alters the balance between the competing effects of
precipitation on LWP.
To clarify further the physics underlying the different responses of

LWP to increasing droplet concentrations, we also ran simulations
in which sedimentation of water is prevented. As seen in Fig. 2,
drizzle reaches the surface for the ASTEX simulation (as observed),

providing leverage for the effect of surface precipitation on LWP.
Inhibiting precipitation results in moistening of the boundary layer
and increasing LWP, as found in simpler models3,4. Suppressing
drizzle does increase entrainment, but the entrained air is moist and
does not dry the boundary layer effectively, and the cloud layer
deepens as the cloud base sharpens.

For the ASTEX simulations with the same aerosol concentration
but with the relative humidity reduced above the boundary layer,
precipitation is drastically reduced by the entrainment of dry air.
Because precipitation does not reach the surface for these con-
ditions, it cannot be reduced further, and thus surface precipitation
has no leverage on LWP. There is droplet sedimentation within the
cloud layer, however; enough to restrict the entrainment rate.
Completely suppressing sedimentation accelerates entrainment,
drying the boundary layer and thinning the cloud layer as cloud
base rises faster than cloud top.

We have also run simulations of daytime conditions, which show
smaller trends in LWP as droplet concentrations increase; by
offsetting longwave radiative cooling that drives stratocumulus
convection, solar heating reduces convective mixing and results
in a decreased response of LWP to microphysical changes (see
Supplementary Table 1). In additional nocturnal simulations we
find that diminished winds reduce the degree of turbulent mixing,
which also results in a decreased response (Supplementary Table 1).
Further simulations suggest that our results have effectively con-
verged with respect to the grid spacing on the mesh we use (see
Supplementary Fig. 2).

There are a number of implications of our findings. The response
of cloud water to changes in droplet concentrations in our analysis
suggests that the very concept of ‘non-precipitating clouds’ can be
misleading. For cases in which little or no precipitation falls from a
cloud layer, it is a mistake to assume that sedimentation of droplets
within the cloud layer has no effect on entrainment and thus cloud
water. On the contrary, it is the change in the precipitation flux from
droplet sedimentationwithin such clouds thatmodulates the drying
of the boundary layer by entrainment in our simulations.

Our results also show how cloud water can be depressed in clouds
polluted by submicrometre aerosol particles acting as cloud nuclei,
and the mechanism we describe here may well explain the decrease
in LWP observed in high-resolution imagery of ship tracks6. (We
recognize, however, that omitting partly cloudy and clear pixels may
introduce a sampling bias that can lead to misleading con-
clusions18.) Because of the difficulties in accurately retrieving sur-
face precipitation rates below stratocumulus using satellite
measurements, we recommend that satellite retrievals of cloud
microphysics (not limited to overcast pixels) be combined with
meteorological analyses to assess the dependence of LWP tendencies
on humidity above the boundary layer.

In contrast to one-dimensional models that include drizzle but
not cloud droplet sedimentation3,4, our simulations show that LWP
can decrease as droplet concentrations increase. Other models that
treat cloud droplet sedimentation show that when convective
mixing is suppressed by strong solar heating, LWP can decrease as
N increases in stratocumulus with very light precipitation19,20. Those
studies, however, were each limited to single meteorological set-
tings, and did not address the role of humidity above the boundary
layer. By considering a variety of meteorological settings, here we
identify relative humidity above the boundary layer as a leading
factor determining the response of cloudwater to changes in droplet
concentrations. When the air above the boundary layer is dry, we
find that LWP decreases as N increases even in nocturnal simu-
lations. Beyond marine stratocumulus, we recommend investi-
gating the effect of overlying humidity on the response of cloud
water to changes in droplet concentrations in other cloud types,
such as continental and mixed-phase stratiform clouds, as well as in
transitions between cloud regimes. Feedbacks with mesoscale and
larger-scale circulations are also of interest.

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2 Horizontal average profiles of precipitation rate and liquid-water mixing ratio

averaged over the last two hours of 8-h simulations. The top panels show simulations of

baseline (observed) ASTEX conditions, and the bottom panels show simulations with

humidity reduced above the boundary layer (see text). Dotted lines are for simulations

without precipitation and solid lines for simulations with precipitation and droplet

concentration of ,100 cm23 as observed11. For the ‘dry ASTEX’ case, like the

DYCOMS-II simulations and measurements13 at comparable droplet concentrations,

precipitation is dominated by sedimentation of cloud droplets rather than larger drops

produced by collisions and coalescence.
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Our findings indicate that global estimates from satellite obser-
vations of the indirect aerosol forcing in boundary-layer clouds21

require the estimation not only of the regional changes in cloud
droplet concentrations, but also of the covarying climatologies in
relative humidity above stratocumulus regions. Also, predictions of
climate change require global climate models to represent accu-
rately not only such critical and challenging details as boundary-
layer entrainment, but also its response to changes in cloud droplet
sedimentation. Our results may help to explainwhy forward climate
models, which consistently show an amplification of the ‘Twomey
effect’22, tend to overestimate the overall indirect aerosol forcing
compared to inverse calculations from simpler models constrained
by the historical temperature record23. A

Methods

Model description

The fluid dynamics model is described in ref. 24. The computational domain extends
3.4 km in both horizontal directions and 1.5 km vertically (1 km for the FIRE-I
simulations), with 64 £ 64 £ 86 cells in the x, y and z directions respectively. Grid spacing
is uniform horizontally and stretched vertically to give cells of height 6m close to the
surface and in the vicinity of the inversion. The model domain is translated with the
geostrophic winds, thereby reducing numerical errors associated with advection. A sponge
layer occupies the upper 250m of the domain. Subgrid-scale fluxes are modelled using a
dynamic turbulence model25. A modified version of the model in ref. 26 is used to treat
surface-layer fluxes in the bottom 100m of the domain. Subsidence and radiative forcings
are linearly attenuated to zero in the 300m above the inversion (defined as the average
height where the total water mixing ratio exceeds a threshold that depends on the
meteorological scenario) to prevent drift of the overlying atmospheric properties
resulting from any unbalanced forcings. The cloud microphysics model is described in
ref. 27 and the linkages with the fluid dynamics model are described elsewhere28.
Particle size distributions are resolved into 20 bins over a range from 0.01 to 5mm radius
for dry condensation nuclei, which are assumed to consist of ammonium bisulphate,
and over a range from 1 to 500mm radius for activated cloud droplets. The total particle
number concentration at each grid point is fixed in each simulation at 40, 75, 150, 300
and 600 cm23 for the ASTEX and FIRE-I progressions, and additionally at 20 cm23 for
the DYCOMS-II sequence. The aerosol distributions are log-normal with a geometric
mean radius of 0.1 mm and a geometric standard deviation of 1.5. Radiative transfer is
calculated for each column once every minute with a two-stream model29.

Set-up of model simulations

The ASTEX simulations are based on an idealization of the 12–13 June 1992 nocturnal
stratocumulus measurements obtained by the UK Meteorological Research Flight C-130
aircraft (flight A209) of the Atlantic Stratocumulus Transition Experiment10,11, withmodel
initialization and forcings adapted from the Fourth Global Energy and Water Experiment
(GEWEX) Cloud System Studies (GCSS) Boundary Layer Cloud Workshop30. We depart
from the workshop specifications by initializing our model domain as initially cloud-free
and using surface similarity for surface fluxes, with the sea surface temperature fixed at
292.4 K. As done in the Eighth GCSS Boundary Layer CloudWorkshop31 the fluxes of heat
and moisture are fixed during the first two hours, in this case at 10 and 30Wm22,
respectively. Instead of the radiative flux parameterization in the workshop specification
we use a two-stream radiative transfer model in which the precipitable water vapour
overlying themodel domain is fixed at 2.2 cm, resulting in a net (upward) longwave flux of
70Wm22 above the boundary layer after the cloud layer forms. For the ‘dry ASTEX’
simulations the surface moisture flux during the first two hours is increased to 60Wm22

and the overlying precipitable water vapour is increased to 3.2 cm. The inversion height is
defined as the average altitude where the total water mixing ratio (in grams of water per
kilogram of dry air) is 8 g kg21.

The DYCOMS-II simulations are based on an idealization of nocturnal stratocumulus
observations obtained during the first research flight of the second Dynamics and
Chemistry of Marine Stratocumulus field study13, with model initialization and forcings
adapted from step 4 of the Eighth GCSS Boundary Layer Cloud Workshop31. The
precipitable water vapour overlying themodel domain is fixed at 1.85 cm, resulting in a net
longwave flux of 80Wm22 above the boundary layer after the cloud layer forms. The total
water mixing ratio defining the inversion height is 8 g kg21.

The FIRE-I simulations are based on an idealization of stratocumulus observations
obtained during 14–15 July 1987 of the First ISCCP Regional Experiment with model
initialization and forcings adapted from the European Project on Cloud Systems in
Climate Models (EUROCS) stratocumulus case32. We use a large-scale divergence rate of
5 £ 1026 s21 and as in other cases ignore any large-scale advective forcings. The fluxes of
heat andmoisture during the first two hours are fixed at 5 and 24Wm22, respectively. The
precipitable water vapour overlying the model domain is fixed at 2 cm, resulting in a net
longwave flux of 75Wm22 above the boundary layer after the cloud layer forms. The total
water mixing ratio defining the inversion height is 9 g kg21.
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Supplementary Table 1. Relative change of liquid water path (LWP) with respect to cloud droplet
concentration (N) between averages over the last two hours of 8-h simulationswith aerosol con-
centrations of 150 and 300 cm−3. For cases with solar radiation, sun angles are computed for
summer solstice at the latitude of the ASTEX measurements (38◦), and time zero corresponds to
8 AM local solar time. The minimum, median, and maximum for the DYCOMS-II conditions are
computed from an ensemble of six simulations comprised of three simulations at each aerosol con-
centration, in which the initial perturbations of temperature and water vapor were varied by giving
a different seed to the pseudo-random number generator.

Simulations ∆ ln LWP/∆ lnN
ASTEX baseline 0.34
ASTEX with solar radiation 0.31

dry ASTEX -0.33
dry ASTEX with solar radiation -0.27

FIRE-I baseline 0.06

DYCOMS-II baseline minimum -0.35
DYCOMS-II baseline median -0.27
DYCOMS-II baseline maximum -0.22

DYCOMS-II low shear∗ -0.22

∗Geostrophic wind speed reduced to 5 m s−1, minimum measured during DYCOMS-II project.
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Supplementary Figure 1. Differences between the boundary layer and overlying air oftotal
water (vapor + liquid) mixing ratio (∆qt) and liquid water potential temperature (∆θl) for the
conditions used in our stratocumulus simulations (∆ = value in the overlying air minus the value
in the boundary layer). The points are labeled with the threshold droplet number concentration
(N) above which LWP decreases asN increases in the simulations (see Figure 1). The cloud-
top entrainment instability of MacVean and Mason (1990) is shown as a dotted line; persistent
stratocumulus are only expected to the right of this line. Stratocumulus breakup is expected when
the evaporative cooling that occurs during energetically favorable mixing of clear and cloudy air
results in mixed air that is less dense than unmixed cloudy air. The solid curves are contours of
relative humidity above the boundary layer (the baseline ASTEX conditions are used for these
relative humidity contours, which weakly depend on cloud-top thermodynamic conditions).
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Supplementary Figure 2. Evolution of domain average liquid water path (LWP) for DYCOMS-
II simulations using different grid meshes. Blue and red shaded areas are envelopes of ensem-
bles (three simulations at each aerosol concentration, using different initial pseudo-random per-
turbations of temperature and vapor) on a 64x64x86 grid withaerosol concentrations of 150 and
300 cm−3, respectively. Solid green and dotted magenta lines in top (bottom) panel are simulations
on 48x48x64 (96x96x128) grid with aerosol concentrations of 150 and 300 cm−3, respectively.
Beyond the comparable decrease of LWP seen in all the simulations as aerosol concentrations in-
crease, the absolute values of LWP agree on the two finest grids, suggesting that the results have
converged with respect to grid spacing on the 64x64x86 mesh that is used in all the other simula-
tions reported in this study.


